Abstract-MBE growth of Sil-xGex on (100) Si substrates was used to produce 60° misfit dislocation networks at depths suitable for EBIC investigation. Two different Ge concentrations were used to generate networks of different dislocation density. The effects of different transition metal contaminants on the recombination efficiency of the dislocations has been investigated for the different dislocation density layers. Cu, Fe, Ni, and Cr metallic impurities were diffused into the specimens during a 30 minute anneal at 700°C. EBIC images taken under identical experimental conditions have been qualitatively compared in order to assess the relative effects of each of these contaminants. Results of these investigations have indicated how, in all cases, the addition of metallic impurities increases the electrical activity of the dislocations with differences between the different metals being observed.
After many years of research into the electrical properties of dislocations in silicon the microscopic cause of their electrical activity is still not fully understood although in many cases it has been attributed to the presence of impurities decorating the dislocations [1, 2, 3, 4] . Based on the hypothesis that the electrical activity and gettering efficiency of dislocations should be closely related and thus that recombination strength may be a measure of the impurity contamination at a defect, several authors have used EBIC as an "analytical" tool to investigate gettering at a variety of different dislocation and defect structures [5, 6] . However, recent qualitative EBIC measurements [7] , confirming the charge controlled model of recombination at dislocations in silicon [8] , have shown that this commonly held view that the higher the concentration of impurities at dislocations the higher their recombination activity, is not always correct. The controlling factor which limits the maximum recombination strength at a dislocation is found to be the amount of charge induced band bending at the defect which is often determined by the position of the impurity induced defect state in the band gap and not the concentration of defect states [9] . As a result a small number of deep dislocation states may produce a higher level of recombination activity than a larger number of shallow states. This model however only remains valid for impurity decoration below the level required for precipitation at the dislocation in which case the activity may then be due to the precipitates themselves.
In the present work the effects of different transition metal contaminants on the recombination efficiency of well characterised 60° dislocations have been investigated by comparing EBIC images taken under identical conditions. This method of comparison to infer the relative recombination efficiency of the dislocations is valid only if certain experimental criteria are fulfilled [lo] i.e. if the defects investigated are all at the same depth, the depletion region width remains constant, and the diffusion length is the same in each specimen investigated. The dislocations studied in this work were located at the epitaxial layerlsubstrate interface and thus for a given epitaxial layer the first two criteria are fulfilled for all dislocations. The method of Wu and Wittry [ll] was used to make diffusion length measurements which were found to be approximately constant in each specimen after the introduction of the metallic impurities. Although as this method should ideally be performed on an area free of defects, it was not well suited to these specimens and therefore there is some doubt as to the accuracy of these measurements. However in the following analysis of these experiments any changes in the diffusion length between specimens are assumed not to be significant. The results obtained indicate differences in the recombination activity induced at the dislocations by the different metals. However this information does not allow conclusions to be drawn about the relative concentration of impurities at the dislocations for the reasons given above and, in particular, a high level of recombination activity does not necessarily imply a high dislocation affinity for the particular metallic impurity
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1991632 C 6 -2 1 2 JOURNAL DE PHYSIQUE IV which had been introduced. In order to deduce fundamental dislocation parameters such as the position of the induced defect states in the band gap further quantitative measurements of the form described in [7, 8] are required.
Experimental

Epitaxial Structure
Dislocations in two different epitaxial structures have been investigated. Both structures consisted of a 0.2SPm silicon buffer layer deposited onto a (100) silicon wafer substrate, followed by either a 1.6~rn Sio.g4Gei).06 layer (layer S1073), or a 1.0pm Sio.gsGei).05 layer (layer S776). These structures were deposited at growth temperatures of 62S°C and 600°C respectively. In both these samples the SiGe layer thickness exceed the Matthews and Blakeslee [12] critical thickness at which relaxation of the lattice mismatch by the propagation of misfit dislocations becomes energetically possible. A detailed study of the nucleation and propagation of misfit dislocations in the Si,,Gex/Si system has been made by Tuppen et a1 [13] . They show the misfit dislocations to take the form of half-loops on (111) planes which glide approximately symmetrically outwards h m nucleation centres, along c110> directions forming orthogonal cross grids in the plane of the strained interface. The interfacial segments of these half-loops are 60' dislocations whilst those threading to the surface are screw dislocations as illustrated in figure 1. EBIC images of the screw, threading dislocation can be obtained using a low electron acceleration voltage (10kVj so that electrical activity in the near surface region of the epitaxial layer is highlighted. The threading dislocations are clearly visible as black dots in the EBIC micrograph of figure 213, and show a one to one correlation with the dislocations as revealed using a Schimmel etch and optical microscopy in figure 2b. The epitaxial layers were grown on a n+ substrate and although nominally undoped were actually found to be n-type. Capacitancevoltage measurements on a AuPd Schottky bamer deposited on these samples revealed doping concentrations in the epitaxial layers of 6.6 x 101scm-3 for S1073 and 4.0 x 1015cm-3 for S776. In addition to this small difference in doping concentration, because of the differences in the germanium content and the thickness of the SiGe layer there is a higher dislocation density after annealing in S1073 than S776. The dislocation density in these two structures was revealed using a Schimmel etch and is shown in figures 3a and3b for the copper contaminated S1073 and S776 specimens respectively. Although in these figures the Schimmel etch has appeared to delineate individual dislocations, Tuppen et a1 [13] have shown that it is more likely that some of these etch limes represent a number of misfit dislocations lying very close together on the same slip plane. Copper precipitation can be observed in the micrograph of the S776 sample. These micrographs show that the dislocation density is too high to resolve all the individual dislocations using EBIC. Thus the features observed in the EBIC micrographs are most likely to be clusters of several dislocations on the same slip plane seen against a background of a more uniformly distributed lower density of individual dislocations. The average number of dislocations in a typical cluster is thought tokmore in the S1073 compared to the S776 specimens. fi001 growth front highlighting the threading dislocations using a Schimmel etch.
Figure 3a.
An optical micrograph of copper Figure 3b . A similar micrograph to 3a. but of the contaminated S1073 material after been given a 30 copper contaminated S776 material also showing second Schimmel etch to reveal the dislocation density.
copper precipitate etch features.
Introduction of Metallic Impurities
Specimens were cleaved into 5mm sided squares from the centre regions of each wafer. After cleaving and prior to contamination the specimens were given an RCA clean. To introduce the metallic contaminants the back surface of each specimen was wiped several times with either pure Cu, Fe, Ni or Cr wire or stainless steel tweezers. A double walled furnace was constructed form high purity fused quartz tubes in which a specimen could rest on a clean silicon wafer in a flow of nitrogen boiled off from a liquid nitrogen cryostat. Each specimen, including an uncontaminated specimen as a control, was individually annealed in this furnace for 30 minutes at a temperature of 700°C using a separate clean silicon wafer support each time. Prior to each anneal the inner furnace tube was cleaned with 48% HF (BDH chemicals "Aristar grade"). Although the method of introducing the impurities is crude it is believed that only a very small amount of each impurity is actually introduced into the bulk silicon. This is because the amount introduced will not normally exceed the solid solubility of the impurity at the 700°C anneal temperature. These solubilities ranged from -2 x 1010cm-3 for Cr to -1 x 1016cm-3 for Cu [14] . These amounts are equivalent to the complete absorption of only small fractions of a surface monolayer of impurities. Such small impurity concentrations probably account for no precipitates being visible when a defect revealing etch was used on the specimens. The only exception was specimen S776 after copper contamination, see figure 3b . Indeed it is noted that considering how few impurity atoms are required to reach each element's solid solubility a strong possibility exists that other metallic impurities present in very low concentration in the "pure" metal sources may also have been unintentionally introduced in concentrations high compared to their solid solubility in silicon. However the control specimens showed that unless the specimens were intentionally wiped with metal no large increase in dislocation activity was observed. Thus any impurity introduced was actually coming from the metallic wire.
EBIC Signal Collection
The EBIC signal was collected using a -100A thick AuPd Schottky bamer evaporated on the surface of each specimen. During the evaporation, which lasted-10 seconds, the specimen temperature did not rise above 100°C. EBIC micrographs were taken using a system similar to one described previously [IS] which is now based around a Philips 505 SEM with LaB6 gun. The brightness and contrast settings of the SEM CRT monitor used to generate the EBIC micrographs were not changed during the course of these investigations and the gain and offset settings of the phase sensitive detector were adjusted so that a given level of EBIC contrast produced the same change in output voltage and hence the same contrast in each of the micrographs after amplification of the EBIC signal. An accelerating voltage of 15kV and a beam current of 2 xlO-1lA was used for all measurements.
Results and Discussion
EBIC micrographs showing the electrical activity at the uncontaminated annealed misfit dislocations and that resulting from the metallic contamination are presented in figure 4. After annealing without intentional contamination the dislocations in epitaxial layer S776 show no observable activity. However the dislocations in S1073 have been found to show activity both before and after the anneal. This may be due to residual impurities already present in this specimen. The slight increase observed after the anneal, giving typical contrast of <2%, may then be due to the large increase in dislocation density that occurs as the epitaxial layer relaxes above its growth temperature, together with further gettering of the impurities to these dislocations. Faintly visible denuded zones, producing a "halo" effect around the dislocations are observed in micrographs of this specimen. This appears to indicate that gettering has taken place. This effect was not observed in the intentionally contaminated specimens. In all cases however, the addition of metallic impurities is seen to increase the dislocation activity and notable differences are observed between the two epitaxial structures.
Comparison of the Effect of Different Metals.
The relative effects of Ni, Cr, Fe and stainless steel contamination are similar for each type of epitaxial layer. In each case Ni, Cr, and Fe showed similar levels of contrast (-610% for layer S1073) and the stainless steel showed higher contrast (-10-20% for layer S1073). The copper contaminated dislocations in layer S1073 showed 3-4% contrast which was lower than for the other impurities. In addition the distribution of contrast along the dislocation lines was less homogeneous then for the other metals. The reason for this different spatial variation of EBIC contrast is not understood. If the charge controlled model for recombination is applicable to the dislocations without precipitates the above results could indicate that the copper impurity levels are less deep than those of Fe, Ni and Cr. The copper contaminated dislocations in layer S776 showed higher contrast, (12%), than dislocations decorated with other impurities in the same specimen type. In this case the activity along the dislocation appears extremely nonuniform and Schimmel etching revealed features consistent with copper precipitate colonies [16] . It is thus inferred that when precipitation takes place at the dislocations recombination at the precipitates leads to an increased EBIC contrast at the precipitate/dislocation complex. JOURNAL DE PHYSIQUE 1V
Comparison of the Two Epitaxial Layers
Direct comparison of the recombination strength of the dislocations in the S1073 type specimens with the S776 type specimens was not possible because they contained different dislocation concentrations and the dislocations lay at different depths in differently doped material. However many repeated experiments showed that copper contamination of specimen S776 led to observable precipitation whereas for specimen S1073 it did not. This result is believed to be due to a real difference in the gettering efficiency of the dislocations in each layer and may be due to such factors as different dislocation density, residual strain and layer thickness.
Summary
The following results have been obtained from the misfit dislocations studied here. a) As received and annealed dislocations in the specimens without intentional contamination show little, <2%, or no EBIC contrast. b) In all cases the addition of metallic impurities has been found to increase the recombination activity of the dislocations. c) Ni, Cr, Fe and stainless steel decoration of these misfit dislocations induces a higher level of recombination activity than that produced by copper provided no precipitation at the dislocations is observed. d) Contamination with Fe, Ni, Cr and stainless steel resulted in approximately uniform activity along the dislocations. For copper contamination the activity was markedly different and non-uniform. e) Copper precipitation has been found to occur at the dislocations in the S776 layer but is not detectable in the S1073 layer. This effect is attributed to a difference in gettering between the dislocations in these two specimens. f ) These results, once again, demonstrate the amount of electrical activity that can be produced by the inadvertent handling of specimens with metallic, and in particular, stainless steel instruments.
